Docket: 643-OOlus 



A TRANSIMPEDANCE AMPLIFIER 

Field of the Invention 

[0001] The present invention relates to electronics in general, and, more particularly, 
to a transimpedance amplifier design. 

Background of the Invention 

[0002] Modern optical telecommunications systems often employ optical Fibers for 
carrying signals. Low-cost, high-performance, highly integrated fiber optic interface circuits 
are becoming increasingly necessary to meet the demands of high-speed digital data 
communication. One standard circuit function for fiber optic communication systems is a 
transimpedance amplifier that is used within an optical receiver. 

[0003] Figure 1 depicts ah architectural diagram of a typical optical receiver. The 
light from an optical fiber 101 impinges on photodiode detector 102, producing a current 
IPD. Transimpedance amplifier 103 converts the very small currents indicative of optical 
signals applied to photodetector 102 into a large signal voltage, VTIA, which is further 
amplified by post amplifier 104 to voltage VPA for output to digital circuitry. 

[0004] Figure 2 depicts a schematic diagram of the transimpedance-input stage of a 
transimpedance amplifier in the prior art. An input current is injected into node 201. This 
current falls across input resistance RS and reverse-biased diode Dl, both connected to 
power source Vss- Node 201 is electrically connected to the gate terminal of NMOS 
transistor MB and the source of NMOS transistor Ml. The gate terminal of transistor Ml is 
electrically connected to the drain terminal of transistor M2 and one terminal of resistor RB. 
The output of the circuit is terminal 202, which is electrically connected to the drain of 
transistor Ml, and one terminal of resistor Rl. The second terminal of resistor Rl is 
electrically connected to the second terminal of resistor RB and to power supply Vdd- 

[0005] The feedback of the voltage at point 2 between transistor MB and resistor RB 
to the gate of transistor Ml serves to keep the biasing of the output voltage at point 3, Vqut, 
stable. When the current of Ml increases, the voltage at point 3 increases and the drain 
current of MB increases. This causes the voltage at point 2 to decrease and this, in turn, 
causes the drain current of Ml to decrease to its previous value. 

[0006] Figure 3 depicts the small signal analysis of the circuit of Figure 2 in the prior 
art. This analysis is for the circuit at mid-band, where parasitic capacitances are ignored. 
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From Figure 3a, the sum of the two transistor gate-to-source voltages is equal to the 
voltage drop across resistor RB, or 

^GS\ + VgSB = -gmBVcSBRB (Eq. 1) 

[0007] Figure 3a is rearranged in Figure 3b and 3c. Figure 3b shows the dependent 
current source between nodes Vin and Vqut in Figure 3a can be split into two dependent 
current sources to ground. From Figure 3c-l and equation (1), since Vgsi = -Vgsb{1 + 
gmBRB), then the value of dependent current source is -gmiVcsBCl + gmBRB). Since the 
voltage across the current source is proportional to the current through the source by a 
factor of Vgsb^ the current source, with polarity reversed, can be replaced by an equivalent 
resistor of value l/(gmi(l + gmBRB)). Also from Figure 3c-l, Vgsb = Vin, so 

Vgsb = II 1 l{gm\ (1 + gmBRBViN (Eq. 2) 

Zi]^^RS\\\l{g^l{\ + g^Br^)^\l{g^^^^ (Eq. 3) 

Thus, the Input Impedance is low, an Ideal characteristic for an input current source 
represented by the photodetector. 

[0008] From Figure 3c-2: 

= -R^gm\{-VGSBi}^gsBm) 

= R^hNgmXiRS II \l{gmi (1 + gmBmm + gmBm 
so that the transimpedance is: 

VOUJ IhN «^ (Eq. 5) 

As the circuit operates at higher and higher frequencies, the parasitic capacitances of the 
transistors must be taken into consideration. They will have the effect of inducing poles into 
the transimpedance equation 4, thus reducing transimpedance gain. 

Once the input current has been converted into a voltage by the transimpedance amplifier, 
it is often desirable to further amplify the voltage output. Figure 4 depicts a typical 
common-source voltage amplifier circuit of the prior art. Figure 4a is the circuit with input 
resistance RS connected to the gate of an NMOS transistor. The drain of the transistor is 
connected to a resistor RD at the output VOUT. RD is also connected to power supply VDD. 



- 2 of 14 - 



Docket: 643-001 us 



Figure 4b is the liigh frequency model of the common-source amplifier taking parasitic 
capacitance into effect across the terminals of the transistor. We obtain the transfer 
function of the voltage amplifier using nodal analysis: 

Vx-ViN 



+ ^XsCgs + {Vx - VoUT)sCgd = 0 (Eq. 5) 



iVoUT-Vx>Cgd +gmVx+VoUT(-^ + sQb) = 0 (Eq. 6) 



From (6), Vx can be expressed as 



1 



D 



Sm ^^gd 

By substituting &7) into equation (5), tlie transfer function of the amplifier is: 



(Eq.7 



^OUT 



isCgd-gm)RD 



ViN RsRd<^ +[Rs(^ + 8mRD)Cgd +RsCgs +RDiCgd+Cdb)]s + l 

And ^ = CgsCgd + Cg(jC(Jb + CgsC{)b 

By manipulating equation (8), the denominator can be expressed as: 



(Eq. 8) 
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(Eq. 9) 



The coefficient of s is approximately equal to l/copi if (Op2 is much higher in frequency. It 
follows from equation (8) and (9) that the poles are located at: 

1 

^pi = iTTr: :;rT7; — —;r^ — „ — -rr^ (Eq- lO) 



and 



^p2 = 



RS (1 + Sm^D )Cgd + RsCgs + Rd (Cgd + Cdb) 

Rs(\ + 8mRD)Cgd + RsCgs + RniCgd + Cdb) 



(Eq.ll) 



RsRniCgsCgd +CgsCdb+CgdCdb) 

This analysis shows that the amplifier gain falls off at about 40dB per decade of frequency at 
high frequencies, i.e. frequencies that are likely to be in the range of the data of the fiber 
optic receiver of Figure 1. 
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To achieve higher bandwidth for the amplifier of Figure 4 in the prior art, an 
inductance is introduced in series with the load resistor Rq. Figure 5 shows what is called a 
shunt peaked amplifier of the prior art. Figure 5a shows shows capacitance Q which 
includes all the capacitance at the output node. When the amplifier is used for a wideband 
application, inductance U in series with resistance Rd extends the bandwidth of the amplifier 
that is normally limited by the time constant RdCq, by introducing a zero as shown by the 
small signal analysis represented by the circuit of Figure 5b as follows: 

^IN 1 + JcoRdC^-co^LsCo 1 + jcoT-co^T^m 

Where t = RoCo and m = Ls/(Rd^Co) 

In order to bring the resonance frequency close to the bandwidth of the fiber optic 
receiver of Figure 1, the value of Ls would be unrealistically high and therefore too large to 
fit on a typical integrated circuit. 

Summary of the Invention 

[0009] The present invention provides a transimpedance amplifier, which is useful as 
an optical fiber preamplifier. The illustrative embodiment is advantageous in four ways. 
First, it minimizes the equivalent input noise current. Second, It has a wide bandwidth. 
Third, it has a reasonably large output voltage, and fourth, it is stable over wide 
temperature and voltage ranges. 

[0010] The illustrative embodiment comprises a transimpedance stage and a gain 
stage. The transimpedance stage has a low input impedance to minimize input noise 
current. Both stages employ a pure NMOS design which contributes stability over 
temperature and power supply fluctuations. Gain is increased by the gain stage. Bandwidth 
is increased over the prior art by replacing Rl in Figure 2 by an inductive load. A monolithic 
inductor on an integrated circuit is quite large, so instead of using a monolithic inductor, the 
illustrative embodiment employs an ''active" inductor: the combination of a resistor 
connected in series with the gate of an NMOS transistor, where the potential at the drain of 
the NMOS transistor is held below that of the second terminal of the resistor by at least the 
threshold, or turn-on voltage, of the transistor. This transistor/ resistor combination acts 
inductively at the data rates of interest. These active inductors are also employed in the 
gain stage of the illustrative embodiment to improve bandwidth. 
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[0011] The illustrative embodiment of the present invention comprises: a first 
transistor having a gate terminal, a drain terminal, and a source terminal; a first resistor 
having a first terminal and second terminal, wherein the first terminal of the first resistor is 
electrically connected to the gate terminal of the first transistor; and a second transistor 
having a gate terminal, a drain terminal, and a source terminal, wherein the drain terminal 
of the second transistor is electrically connected to the source terminal of the first transistor. 

Brief Description of the Drawings 

[0012] Figure 1 depicts an architectural diagram of a typical optical receiver. 
[0013] Figure 2 depicts a schematic of the transimpedance-input stage of a 
transimpedance amplifier of the prior art. 

[0014] Figure 3 depicts the small signal analysis of the circuit of Figure 2 of the prior 

art. 

[0015] Figure 4 depicts a typical common-source voltage amplifier circuit of the prior 

art. 

[0016] Figure 5 shows what is called a shunt peaked amplifier of the prior art. 

[0017] Figure 6 depicts a block diagram of a transimpedance amplifier in accordance 
with the illustrative embodiment of the present invention. 

[0018] Figure 7 depicts a schematic diagram of a transimpedance amplifier in 
accordance with the illustrative embodiment of the present invention. 

[0019] Figure 8 depicts schematics of the small signal model for the active inductors 
of Figure 5. 

[0020] Figure 9 depicts a bode-plot of the magnitude of Zo as a function of frequency. 
[0021] Figure 10 shows a common source amplifier stage with active inductor load 
and feedback resistor of the current embodiment of the present invention. 

Detaiied Descriotion 

[0022] Figure 6 depicts a block diagram of a transimpedance amplifier in accordance 
with the illustrative embodiment of the present invention. The transimpedance amplifier 
400 comprises transimpedance stage 401 and voltage gain stage 402. 

[0023] Figure 7 depicts a schematic diagram of a transimpedance amplifier in 
accordance with the illustrative embodiment of the present invention. The illustrative 
embodiment comprises: eight resistors, Rl through R6, RS, and RB, and ten transistors, Ml 
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through MIO. In accordance with the illustrative embodiment, transistors 1^1 through MIO 
are N-Type Enhancement mode transistors, as are well-known to those skilled in the art. 

[0024] Transimpedance stage 401 has a terminal labeled INPUT into which the input 
current is injected. This INPUT terminal is electrically connected to the gate of transistor 
M3, the source of transistor M2, and one terminal of resistor RS. The second terminal of RS 
and the source terminal of transistor M3 are connected to ground potential. The gate 
terminal of transistor M2 is electrically connected to the drain terminal of transistor 1^3 and 
to one terminal of resistor RB. The drain terminal of transistor M2 is electrically connected 
to the source terminal of transistor Ml. The drain terminal of transistor Ml is electrically 
connected to the second terminal of resistor RB and to a supply voltage Vee- The gate 
terminal of transistor Ml is electrically connected to one terminal of resistor Rl, while the 
second terminal of resistor Rl is electrically connected to a second voltage supply Vdd. 
Resistor Rl and transistor Ml comprise active inductor AIi, to be described in Figure 6 
below. All the substrate terminals of transistors Ml through M3 are connected to the lowest 
potential, which is ground potential. 

[0025] Notice that active inductor AIi if represented by an impedance Zi, creates a 
circuit that closely resembles that of Figure 2, with Zi replacing Rl of Figure 2, M2 replacing 
Ml of Figure 2, M3 replacing MB of Figure 2, Vss connected to ground potential, and diode 
Dl removed. Thus, the transconductance of stage 401 at mid-band frequencies, ignoring 
parasitic capacitances, is just Zi, the impedance of active inductor AIi, thereby increasing 
bandwidth. 

[0026] The output terminal 501 of the transimpedance stage feeds voltage gain stage 
402, electrically connected to the gate of transistor M5. Voltage gain stage 402 comprises 
common source voltage gain stages, with drain resistors replaced by active inductor pairs 
R2/M4, R3/M6, and R4/M8. The active inductor pairs of gain stage 402 serve to increase 
bandwidth. The source terminals of NMOS transistors M5, M7, M9, and MIO are all 
connected to each other and ground potential. The substrate terminals of NMOS transistors 
M4 through MIO are also connected to ground potential. The first terminal of each of 
resistors R2, R3, and R4 are electrically connected to power supply Vdd- The drain terminals 
of each of transistors M4, M6, and M8 are connected to a second power supply Vee- 

[0027] The source terminal of transistor M4 is electrically connected to the drain 
terminal of transistor M5 and to the gate terminal of transistor M7. The gate terminal of 
transistor M4 is connected to the second terminal of resistor R2. The drain terminal of 
transistor M7 is electrically connected to the source terminal of transistor M6, to the gate 



- 6 of 14 - 



Docket: 643-001 us 



terminal of transistor M9, and to the first terminal of resistor R5. The gate terminal of 
transistor M6 is electrically connected to the second terminal of resistor R3. The drain 
terminal of transistor M9 is electrically connected to the source terminal of transistor M8, to 
the second terminal of resistor R5, and to the gate terminal of transistor MID. The gate 
terminal of transistor M8 is electrically connected to the second terminal of resistor R4. The 
drain terminal of transistor MID is electrically connected to the first terminal of resistor R6 
and to the OUTPUT terminal of gain stage 402, which is the output terminal of the entire 
transimpedance amplifier. The second terminal of resistor R6 is electrically connected to the 
supply voltage Vee- 

[0028] The illustrative embodiment comprises "active inductors/' which are CMOS- 
based designs that function as a real inductor in the circuit. While inductors can be used In 
IC design to enhance the bandwidth of the circuit, a 'Veal" Inductor is disadvantageous to 
implement on an integrated circuit. As a consequence, active inductors are used for the 
same purpose. In Figure 7, the passive inductor that would appear at the drain terminals of 
transistors Ml, M5, M7, and M9 in series with resistances, as described in Figure 5 of the 
prior art, are replaced by active inductors. Note that the potential at the drain of the NMOS 
transistor, Vee is held below that of the second terminal of the resistor Vdd by at least the 
threshold, or turn-on voltage, of the transistor. For the illustrative embodiment of the 
present invention, Vdd Is about 3.3 Volts, and Vee is about 1.8 Volts. It should be clear to 
those skilled In the art that other supply voltages are possible. 

[0029] Figure 8 depicts schematics of the small signal model for the active Inductors 
of Figure 7. Figure 8 represents active inductor AIi of Figure 7, but the analysis for active 
inductor pairs R2/M4, R3/M6, and R4/M9 are the same. The DC power supply rails Vdd and 
Vee have been replaced by AC ground potentials. At node Vg, we have 



sCgsi (Vg -Voi) + ^ + VgsCgj^ = 0 



(Eq. 13) 



Rearranging slightly, we have 



V, 



sCgsiRW^i 



(Eq. 14) 



g 



l + sR\{Cgsi+Cgdl) 



At node Vout"/ 



g 



Vol) + (Vg-Vol)sCg,i-V^lsCL 



(Eq. 15) 
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7 -^k- 



Solving (14) and (15), we have 

\ + sR\{Cg,^+Cgd\) 



2 

{R\iCgd\Cgs\ + Cgs\Ci + CgdxCiyis +[{Cgs\ +Ci+ gm\R^Cgci\)'\s + gm\ _ 



(Eq. 16) 



From equation (16) tlie poles (18 and 19) and zero (17) can be identified as: 

Zj = ! (Eq. 17) 

R\{Cgs\+Cgd) 



Pi = ^ (Eq. 1 8) 

P2 = C^I^Cl^C,,^ 

Rl(CgsiCgdl + CiCgdi + CiCgsi) 

Figure 9 depicts a bode-plot of the magnitude of Zq as a function of frequency. In the range 
of frequency between Zi and Pi, the active inductor Induces a zero, increasing gain with 
frequency, similar in function to a real inductor. The active inductor introduces inductive 
impedance as a load at the data rates of interest. 

Figure 10 shows a common source amplifier stage with active inductor load and feedback 
resistor of the current embodiment of the present invention. Figure 10a shows the common 
source amplifier with feedback sub-circuit, while Figure 10b is the high frequency model for 
this sub-circuit. At node Vqut, 

(Tout - >Cga + O^OUT -Vin) ^ ^ ^ ^ClVqut = 0 (Eq. 20) 



And Vin — Vgs. Solving (20), we have 

VqUT ^ (^-Sm^S+sCgdRs) 
ViN (i + ^ + sCgdRs+sCiRs) 

Feedback resistor R5 provides better stability and more linear operation of the common 
source amplifier than if the amplifier did not have feedback. 

The values of resistors Rl through R6, RB, and RS are shown in Table 1. 



(Eq.21) 
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li^evice 


Value 






R2 


2 KQ 


R3 


1.8 KQ 


R4 


700 Q 


R5 


1.5 KQ 


R6 


200 Q 


RB 


400 Q 


RS 


500 Q 



Table 1 - Values of Resistors Rl through R8 

[0030] The dimensions of transistors Ml through MIO are shown In Table 2. 



Device 


Dimension 


Ml 


W=5tjm L=0.18|jm 


M2 


W=24|jm L=0.18Mm 


M3 


W=12Mm L=0.18ym 


M4 


W=18|jm L=0.18|jm 


M5 


W=28|jm L=0.18|jm 


M6 


W=8Mm L=0.18Mm 


M7 


W=30Mm L=0.18Mm 


M8 


W=8Mm L=0.18Mm 


M9 


W=30|jm L=0.18|jm 


MIO 


W=16|jm L=0.18|jm 



Table 2 - Dimensions of Transistors Ml through 10 

[0031] All ten of the transistors are NMOS because the mobility of electrons in NMOS 
is greater than the mobility of holes in PMOS. It will be clear to those skilled in the art how 
to make and use embodiments of the present invention. 

[0032] It is to be understood that the above-described embodiments are merely 
illustrative of the present invention and that many variations of the above-described 
embodiments can be devised by those skilled in the art without departing from the scope of 
the invention. It is therefore intended that such variations be included within the scope of 
the following claims and their equivalents. 

[0033] What is claimed is: 
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